Objective: It is well known that nitric oxide synthase (NOS) is expressed and that it modulates glucose transport in skeletal muscles. Recent studies have shown that adipose tissues also express inducible and endothelial nitric oxide synthase (eNOS). In the present study, we investigated whether nitric oxide (NO) induces glucose uptake in adipocytes, and the signaling pathway involved in the NOstimulated glucose uptake in 3T3-L1 adipocytes. Methods: First, we determined the expression of eNOS in 3T3-L1 adipocytes, and then these cells were treated with the NO donor sodium nitroprusside (SNP) and/or insulin, and glucose uptake and phosphorylation of insulin receptor substrate (IRS)-1 and Akt were evaluated. Moreover, we examined the effects of a NO scavenger, a guanylate cyclase inhibitor or dexamethasone on SNP-stimulated glucose uptake and GLUT4 translocation.
Introduction
Nitric oxide (NO) is an important mediator with a wide variety of biological functions including the control of blood vessel tone and neurotransmission. It is known that NO is released from skeletal muscles and a great body of evidence has shown that NO plays a critical role in glucose metabolism (1) . For example, the administration of NO synthase (NOS) inhibitors induce remarkable insulin resistance (2) , NO donors stimulate glucose transport in skeletal muscles (3 -5) , and endothelial nitric oxide synthase (eNOS) knockout mice have insulin resistance (6) . Thus, NO may be an important modulator of glucose metabolism. The NO-stimulated glucose uptake is not inhibited by wortmannin, an inhibitor of phosphatidylinositol 3-kinase (PI3K). PI3K is a downstream effector of insulin receptor, and this effect of NO appears to be independent of the insulin signaling pathway. It has been proposed that NO mediates contraction-stimulated glucose transport in skeletal muscles (5, 7) . However, in a recent study, NOS inhibitors failed to affect contraction-stimulated glucose transport in isolated muscles, suggesting that NO is not involved in the signaling pathway of contraction-stimulated glucose uptake in skeletal muscles, and that NO donor increases skeletal muscle glucose uptake through a mechanism distinct from the insulin-and contraction-signaling pathways (8) . The physiological significance of this insulin-and contraction-independent signaling of glucose uptake induced by NO in skeletal muscles is unclear.
The synthesis of NO is catalyzed by a family of NOS (9), among which there are three isoforms: endothelial NOS (eNOS), neuronal NOS (nNOS) and inducible NOS (iNOS) (10) . Of these isoforms, nNOS and eNOS are expressed in skeletal muscles (11) , where generated NO mediates glucose transport. In addition, some of the effects of NO depend on the activation of soluble guanylate cyclase and on the increased level of intracellular cyclic GMP (12) .
Regarding another major organ of glucose metabolism, previous studies have shown that norepinephrine stimulates iNOS activity and NO release from brown adipose tissue (BAT) (13, 14) . Recent studies have also corroborated the expression and function of both eNOS and iNOS in BAT (15) . However, the expression of NOS and the role of NO in white adipose tissue (WAT) remain unclear. In the present study, we hypothesized that, as it does in skeletal muscles, NO mediates glucose transport in WAT where a high rate of glucose uptake also takes place. To test this hypothesis, we investigated the expression of NOS and the effect of the NO donor sodium nitroprusside (SNP) on glucose uptake in 3T3-L1 adipocytes, which have been shown to be a good model for studying the functions of WAT. We also investigated whether the mechanism of NO-stimulated glucose uptake in 3T3-L1 adipocytes is similar to that in skeletal muscles.
Materials and methods

Materials
Anti-eNOS and anti-iNOS antibodies were purchased from Transduction Laboratories (Lexington, KY, USA). Anti-phosphotyrosine monoclonal antibody (Py20) was from Upstate Biotechnology (Lake Placid, NY, USA), anti-Akt antibody and anti-phosphoAkt (Ser 473) antibodies from Cell Signaling Technology (Beverly, MA, USA), anti-insulin receptor substrate-1 (anti-IRS-1) polyclonal antibody from Santa Cruz Biotechnology (Santa Cruz, CA, USA) and anti-GLUT1 antibody from Chemicon (Temecula, CA, USA). Anti-GLUT4 antibody against the C-terminal region of GLUT4 was raised in rabbits. Tissue culture medium, antibiotic solutions, lipopolysaccharide (LPS, 0127:B8), nitrobluetetrazorium (NBT) and 5-bromo-4-chloro-3-indolyl phosphate (BCIP) were obtained from Sigma Chemical (St Louis, MO, USA). SNP, carboxy-PTIO (CPTIO) and LY83583 were from Calbiochem (San Diego, CA, USA). Protein G-Sepharose and radioisotope were from Amersham Pharmacia (Uppsala, Sweden), and secondary antibody from Promega (Madison, WI, USA). Other chemicals were from Wako Pure Chemicals (Osaka, Japan).
Cell culture
3T3-L1 fibroblasts were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% FCS in an atmosphere of 5% CO 2 at 37 8C. Fibroblasts were cultured up to confluency and then differentiation was induced by treating the cells with DMEM containing 0.5 mmol/l 3-isobutyl-1-methylxanthine, 4 mg/ml dexamethasone, 1 mg/ml insulin and 10% FCS for 48 h. The cells were cultured in DMEM supplemented with 10% FCS for the next 4-10 days. Cells were used only when at least 95% of the cells showed an adipocyte phenotype by accumulation of lipid droplets.
Immunoprecipitation and immunoblotting
For detection of NOS, the 3T3-L1 adipocytes were treated with 100 nmol/l insulin for 15 min or 50 mmol/l SNP for 60 min; subsequent experiments were carried out in the same conditions. In addition, to evaluate the expression of iNOS the cells were incubated in the presence of 10 mg/ml LPS for 24 h. After each treatment, the cells were lysed with the buffer containing 50 mmol/l Tris-HCl (pH 7.4), 1% Triton X-100, 10% glycerol, 150 mmol/l NaCl, 1 mmol/l EDTA, 1 mmol/l dithiothreitol (DTT), and a protease inhibitor cocktail. Cell lysates were centrifuged at 15 000 g for 20 min and protein concentrations in the supernatants were determined using BCA protein assay kit (Pierce, Rockford, IL, USA). Each sample containing 1.5 mg of protein was subjected to immunoprecipitation using protein G-Sepharose beads pre-coated with anti-eNOS or iNOS antibodies, and immunoblotted. The secondary antibody coupled to alkaline phosphatase was visualized using BCIP/NBT.
For IRS-1 phosphorylation assay, lysates of treated cells were subjected to immunoprecipitation using protein G-Sepharose beads pre-coated with anti-IRS-1, and immunoblotted with anti-IRS-1 or anti-phosphotyrosine antibody. For assay of Akt phosphorylation, lysates of treated cells were immunoblotted with anti-Akt or anti-phosphoAkt (Ser 473) antibodies. BCIP/NBT was used for visualization.
Reverse-transcription PCR (RT-PCR)
mRNAs of eNOS and iNOS were evaluated by RT-PCR. Total RNA was extracted from culture cells using RNeasy (Qiagen, Hilden, Germany). The quality and quantity of the RNA were determined by measuring the absorbance at 260 and 280 nm. First-strand cDNA was synthesized using 2 mg of total RNA, a random hexamer and Omniscript reverse transcriptase (Qiagen). PCR was performed using the following primers: for eNOS, 5 0 -GCCCTGTACCTCAAGACGCT-3 0 and 5 0 -AATACCTGCAGCTTTCCCCA-3 0 , for iNOS, 5 0 -CCCTGCTTTGTGCGAAGTGT-3 0 and 5 0 -CCTCATTGGC-CAGCTGCTT-3 0 , and for glyceraldehyde-3 phosphate dehydrogenase (GAPDH), 5
0 -ACCACAGTCCATGCCA-TCAC-3 0 and 5 0 -TCCACCACCCTGTTGCTGTA-3 0 . PCR of eNOS and iNOS was performed for 35 cycles and that of GAPDH for 30 cycles (94 8C for 1 min, 57 8C for 1 min and 72 8C for 1 min) in a 20 ml reaction mixture containing cDNA generated from 40 ng of total RNA, 0.2 mmol/l of each dNTP, 0.4 mmol/l of each primer, and 1 unit of Taq polymerase (Qiagen). PCR product was visualized by electrophoresis in 2% agarose gels and ethidium bromide staining.
2-Deoxyglucose uptake
2-deoxy-D-[
3 H]-glucose (2-DOG) uptake was measured in 3T3-L1 adipocytes cultured on six-well plates according to the method of Sakoda et al. (16) . In brief, 3T3-L1 adipocytes were starved for 3 h. Then, glucose-free incubation was performed for 1 h in Krebs -Ringer-phosphate buffer in the presence of various concentrations of SNP, and 2-DOG uptake was measured.
Subcellular fractionation of 3T3-L1 adipocytes
3T3-L1 adipocytes were treated with or without 1 mmol/l dexamethasone overnight and then incubated with 100 nmol/l insulin for 15 min or with 50 mmol/l SNP for 1 h in Krebs -Ringer HEPES buffer. Cells were washed with cold buffer A (250 mmol/l sucrose, 20 mmol/l HEPES, pH 7.4, 1 mmol/l EDTA, protease inhibitor cocktail) and collected in buffer A, and homogenized using 30 strokes of a Dounce homogenizer. Following the removal of the fat layer, the supernatant from a 30-min 16 000 g centrifugation was centrifuged at 30 000 g for 30 min and then additionally at 40 000 g for 1 h to obtain a low density microsomal (LDM) pellet, which was resuspended in HES buffer (20 mmol/l HEPES, pH 7.4, 1 mmol/l EDTA). The 16 000 g pellet was washed with HES buffer, resuspended in HES buffer, layered over a 1.12 mol/l sucrose cushion, and centrifuged at 100 000 g for 1 h. The plasma membrane (PM) layer at the interface was collected by centrifugation, and resuspended in HES buffer. Protein concentrations in the samples were determined using BCA protein assay kit. All samples were adjusted to 20 mg protein and then immunoblotted with anti-GLUT4 or anti-GLUT1 antibodies. BCIP/NBT was used for visualization. Quantitation of the immunoblots was performed with NIH Image software.
Statistical analysis
Data are presented as means^S.E.M. Each treatment was compared with the control and statistical analysis was performed using Student's t-test. A P , 0.01 was considered as statistically significant.
Results
Expression of eNOS in 3T3-L1 adipocytes
Immunoblotting analysis of 3T3-L1 adipocytes confirmed the expression of eNOS in WAT (Fig. 1) . The protein levels of eNOS were not altered after treatment with insulin or SNP. However, it was not possible to detect iNOS in these conditions. Although LPS was previously reported to increase the expression of iNOS in rat white adipocytes, iNOS was not detected after treatment with 10 mg/ml LPS for 24 h. In vitro, LPS appears to affect iNOS activity in the presence of other cytokines such as tumor necrosis factor-a (TNF-a) or interferon-g (INF-g) (17) . The results of RT-PCR showed that both eNOS and iNOS are detectable in 3T3-L1 adipocytes, but their mRNA levels did not change after treatment with insulin, SNP or LPS. Thus, eNOS is probably the most essential NOS isoform responsible for NO production at least in our experimental conditions.
Effects of SNP on 2-DOG uptake in 3T3-L1 adipocytes
We measured the effect of various concentrations of SNP on 2-DOG uptake in 3T3-L1 adipocytes. SNP, between concentrations of 0-60 mmol/l, significantly (P , 0.01) increased 2-DOG uptake. The uptake was highest (1.8-fold increase) at 50 mmol/l SNP ( Fig. 2A) . This dose-dependent curve was parallel to that of NO release from SNP into the culture media (data not shown). SNP showed almost maximal effect on NO release and glucose uptake at the concentration of 50 mmol/l. SNP-stimulated 2-DOG uptake increased significantly after 15 min of incubation and reached a maximum (1.8-fold) increase after 60 min (Fig. 2B) . To examine whether both insulin and SNP stimulate glucose uptake through the same pathway, 3T3-L1 adipocytes were treated with a combination of 100 nmol/l insulin and 50 mmol/l SNP. This combination induced an additive effect on 2-DOG uptake, but not at a significant level (Fig. 2C) , suggesting that both insulin and SNP stimulate glucose uptake through different pathways.
Effect of SNP on phosphorylation of IRS-1 and Akt
To assess whether SNP affects the insulin signaling pathway, 3T3-L1 adipocytes were incubated with 100 nmol/l insulin or 50 mmol/l SNP for 5, 10, 15, 30, 60 min, and then phosphorylation of IRS-1 and Akt was determined by Western blotting (Fig. 3) . Insulin induced tyrosine phosphorylation of IRS-1 and Ser 473 phosphorylation of Akt after a 5-min incubation. In contrast, 50 mmol/l SNP had no effect on phosphorylation of IRS-1 and Akt. These findings suggest that the insulin receptor/Akt pathway is not involved in SNP-dependent glucose uptake.
Effect of inhibition of NO/guanylate cyclase pathway on SNP-stimulated 2-DOG uptake
To assess the downstream pathway leading to 2-DOG uptake by SNP, we tested the effect of the NO scavenger CPTIO and the guanylate cyclase inhibitor LY83583. As shown in Fig. 4 , pre-treatment of 3T3-L1 adipocytes with 200 mmol/l CPTIO or 1 mmol/l LY83583 for 60 min significantly reduced (42% and 48% respectively) SNP-stimulated 2-DOG uptake to the basal level, suggesting that SNP-stimulated glucose uptake is mediated by NO and guanylate cyclase.
Effect of dexamethasone on glucose transport
To investigate the effect of dexamethasone on SNPstimulated glucose transport, the cells were pretreated overnight with 1 mmol/l dexamethasone. Dexamethasone suppressed both insulin-and SNP-stimulated 2-DOG uptake (45% and 34% respectively) (Fig. 5A) . Then, we examined the effect of dexamethasone on GLUT4 translocation. Dexamethasone significantly decreased both insulin-and SNP-stimulated GLUT4 translocation (41% and 31% respectively) (Fig. 5B) . These findings show that dexamethasone may repress GLUT4 translocation and subsequent 2-DOG uptake induced by both insulin and SNP.
Discussion
Glucose uptake in skeletal muscles may be stimulated via two distinct pathways. One is a pathway stimulated by insulin or growth factors, which leads to PI3K activation. Another pathway is an insulin-independent stimulation by muscle contraction. Both insulin and The cells were pre-incubated with 50 mmol/l SNP for 1 h and then treated with 100 nmol/l insulin for 15 min. 2-DOG uptake was assayed in these cells. Data are means^S.E.M. of three independent experiments performed in triplicate. *P , 0.05, **P , 0.01 vs basal uptake. muscle contraction have additive effects on glucose transport. A recent study suggested that contractionstimulated glucose uptake is NO dependent in skeletal muscles (7) . In the present study, we demonstrated that eNOS is expressed in murine 3T3-L1 adipocytes, and this result is consistent with previous findings in human adipocytes (18) . Since generated NO easily dissipates and exerts only local effects, we hypothesized that NO modulates glucose uptake in 3T3-L1 adipocytes in an autocrine fashion. The results of our investigation showed that SNP stimulates glucose uptake in 3T3-L1 adipocytes. The necessary concentration of SNP for stimulation of glucose uptake is similar to that for NO release in culture media. Another NO donor, diethylamine NONOate, also stimulated glucose uptake to a similar extent (data not shown). The fact that the NO scavenger CPTIO inhibited the stimulatory activity of SNP further supports the mediation of NO in the stimulation of glucose uptake by SNP. The effect of NO on glucose uptake in 3T3-L1 adipocytes is similar to its effect in skeletal muscles except for the need of a higher concentration of SNP in adipocytes (8) . Moreover, the maximum effect of NO to stimulate glucose uptake is comparable to that of norepinephrine in brown adipocytes (19) .
In subsequent experiments, we examined the mechanism of NO stimulation of glucose uptake. Insulin was found to induce GLUT4 translocation and glucose uptake through phosphorylation of IRS-1 or Akt in 3T3-L1 adipocytes. However, NO did not induce phosphorylation of IRS-1 and Akt during the stimulation of glucose uptake. These results suggest that the insulin receptor/Akt pathway is not involved in NO function. In addition, the effect of SNP was additive to that of insulin. Further, a recent study suggested that NO is not involved in the contraction-stimulated glucose uptake in skeletal muscles (8) . Considering these observations together, it appears that NO simulates glucose uptake through an insulin-independent and contraction-independent pathway in 3T3-L1 adipocytes. Guanylate cyclase is involved in this pathway as shown by the results of experiments using the guanylate cyclase inhibitor LY83583; this latter finding is consistent with results of a previous study (12) .
Dexamethasone is well known to induce insulin resistance in vivo. Three mechanisms have been suggested in dexamethasone-induced insulin resistance. (i) Reduced expression of IRS-1 (20) , (ii) reduced phosphorylation of IRS-1 and decreased PI3K activity (21) , and (iii) impairment of GLUT4 translocation (16, 22) . In this study, dexamethasone was also found to reduce NO-stimulated glucose uptake in 3T3-L1 adipocytes. The fact that IRS-1 and PI3K are not involved in NO-stimulated glucose uptake suggests that dexamethasone reduces glucose uptake in 3T3-L1 adipocytes by affecting GLUT4 translocation. Taken together, these findings suggest that NO-stimulated glucose uptake in adipocytes occurs through an insulin-independent pathway and that GLUT4 translocation is involved in this NO-stimulated mechanism.
Although eNOS has been regarded as a strictly Ca 2þ /calmodulin-dependent enzyme (23) , recent studies have shown the existence of other regulation pathways. eNOS is phosphorylated and activated by Akt in endothelial cells (24, 25) and insulin activates Akt and stimulates the production of NO in rat adipocytes (26) . Vascular endothelial growth factor (VEGF) and estrogen also stimulated eNOS through Akt activation (27, 28) . However, bradykinin stimulates eNOS through mitogen-activated protein kinase (29, 30) . With regards to non-hormonal stimuli, exercise (7) and shear stress can activate eNOS through Akt or AMP-activated kinase (7, 31, 32) . eNOS can be activated by several stimuli in a calcium-independent fashion. In WAT, several types of stimuli can activate eNOS expression leading to increased glucose uptake.
In summary, in the present study, we demonstrated for the first time that NO mediates glucose transport in 3T3-L1 adipocytes. Our results also indicate that the effect of NO is independent of the insulin signaling pathway.
